Background--The relevance of vitamin D for prevention of cardiovascular disease is uncertain. The BEST-D (Biochemical Efficacy and Safety Trial of vitamin D) trial previously reported effects of vitamin D on plasma markers of vitamin D status, and the present report describes the effects on blood pressure, heart rate, arterial stiffness, and cardiac function.
D concentrations for CVD. 5, 6 It is possible that the inverse associations of plasma 25(OH)D concentrations with CVD may be caused by confounding by other aspects of lifestyle, and any such effects cannot be entirely excluded in observational studies. Randomized trials are needed to establish causality, but older trials were neither designed to specifically evaluate CVD outcomes, nor used sufficient doses of vitamin D to achieve plasma 25(OH)D concentrations associated with the lowest risks of CVD demonstrated in these observational studies. 6 The mechanisms underlying the associations of vitamin D with CVD are not fully understood, 7 but previous studies have reported inverse associations of plasma 25(OH)D concentrations with hypertension 8 and arterial stiffness. 9 Mendelian randomization studies have reported lower levels of systolic blood pressure among those with genetically lower plasma 25 (OH)D concentrations, but the effect sizes of genetically determined differences were very small. 10 Randomized trials of vitamin D and meta-analyses of trials have shown no significant effect on blood pressure 11 or arterial stiffness.
It is unclear whether the null results reflect small sample sizes, insufficient dosing of vitamin D, or the relatively short duration of treatment in such trials. Furthermore, low plasma 25(OH)D concentrations have also been associated with heart failure, and may be predictive of poorer outcomes in patients with heart failure, [14] [15] [16] 18 The aim of the present report was to describe the effects of supplementation with vitamin D versus placebo on prespecified secondary outcomes of blood pressure, heart rate, and arterial stiffness after 6 and 12 months of treatment; on plasma concentrations of N-terminal prohormone of brain natriuretic peptide (NT-proBNP) at 12 months; and on echocardiographic measures recorded at 12 months in a randomly selected subset of 177 participants.
Methods Study Design and Recruitment
The study design and the results of the effects of supplementation with vitamin D on plasma concentrations of 25(OH) D and related biochemical markers and other measures in the BEST-D trial have been previously reported. 17, 18 Briefly, participants aged 65 years or older living in the community were recruited by an invitation letter from a single general practice in Banbury, Oxfordshire, United Kingdom, and had to be ambulatory, living in the community, and not taking more than 400 IU (10 lg) vitamin D daily ( Figure 1 ). Trained research nurses visited the study participants in their homes at baseline, 6, and 12 months. Information was recorded directly into bespoke electronic case report forms and included medical history, presence of vascular risk factors, and medication use. Blood samples were collected and physical measurements recorded as previously described. 17, 18 Study visits were scheduled at the same time of the day to minimize any effects of diurnal variation and participants were advised to avoid alcohol, tea, and coffee before each visit. At the 6-and 12-month visits, compliance with study medications, serious adverse events, and nonserious adverse events leading to discontinuation of study treatment were recorded. During the baseline visit, telephone randomization allocated participants to study treatment (vitamin D 4000 IU or 2000 IU or placebo daily) in a double-blind manner. The minimization algorithm included age, body mass index, smoking history, ethnicity, and history of fracture as variables. Vitamin D3 and the matching placebo soft-gel capsules were provided by Tischcon Corporation (Westbury, NY, USA) and packaged in child-proof containers. All trial investigators, trial staff, and participants were blinded to treatment allocation until the data analysis plan was finalized and the database locked for analysis after trial completion. All participants provided written informed consent to a protocol that was approved by the Multicentre Research Ethics Service Committee (Oxford B), United Kingdom, and complied with the Declaration of Helsinki.
Blood Sample Collection and Biochemical Measurements
Blood samples were collected at each visit into vacutainers containing either lithium heparin or EDTA, processed within 4 hours, and stored at À80°C for further analyses. Plasma concentrations of 25(OH)D were measured using an Access 2 immunoassay analyzer (Beckman Coulter Ltd, High Wycombe, United Kingdom). Plasma concentrations of NT-proBNP were measured using an immunoassay with electro-chemiluminescent labels (human NT-proBNP standard kit, Meso Scale Diagnostics, Rockville, MD, USA) and reading plates on a Sector Imager 6000. Quality control material was run in duplicate with a between-run precision of 18% for NT-proBNP at 180.5 pg/mL.
Blood Pressure and Arterial Stiffness
Blood pressure and arterial stiffness were measured at each visit after 10 minutes of rest in the seated position. First, a finger probe (Pulsetrace PCA 2) was placed on the right forefinger to record the digital volume pulse trace using photoplethysmography over 30 to 60 s. 19 This was followed by blood pressure and brachial artery arterial stiffness measurements made over 2 minutes using a TensioClinicTM â Arteriograph. 20 The systolic and diastolic blood pressure, heart rate, aortic pulse wave velocity, and augmentation index were recorded. The Arteriograph recorded the pressure waveforms at the brachial artery using an oscillometric method after occlud- additional measures of peripheral arterial function derived from the Pulsetrace device. The stiffness index was calculated as participant's height/PPT, where PPT was the time between the peaks of the forward and reflected waves measured using the Pulsetrace device, and the reflective index was calculated as the height of the forward wave divided by the height of the reflected wave.
Echocardiographic Measures
From among those randomized and willing to have an echocardiogram, 177 people were randomly selected for echocardiography (ensuring participants were also proportionally selected by month of recruitment). Echocardiographic measurements were recorded at a single center by a cardiologist or trained echocardiography sonographer within 2 weeks of the scheduled final visit. Examinations were conducted using a Philips CX50 ultrasound system. After removing clothing above the waist, participants were asked to lie in the left lateral position with a 30°to 45°elevation of the headrest. Standard image acquisition parasternal (long and short axes) and apical (2-and 4-chamber) views were obtained. For analyses, 3 consecutive cardiac cycle loops were recorded at end-expiration. Ejection fraction (measured by Biplane Simpson's or M-mode), fractional shortening, (Mmode), and chamber dimensions (2-dimensional imaging) were measured. Images were processed using TomTec Imaging Systems software for the outcome measures of left ventricular (LV) systolic function (ejection fraction, fractional shortening, and global longitudinal strain) and diastolic function (E/E I , LV internal dimension, LV end-diastolic volume, and left atrial [LA] dimension and LA volume). All dimensions and volumes were corrected for body surface area recorded at randomization. Global longitudinal strain estimates were adjusted for heart rate and systolic blood pressure recorded at the time of the examination.
Statistical Analyses
The prespecified co-primary outcomes were mean plasma concentration of 25 adjusted for the participant's baseline value (which provides a superior test to a comparison of mean follow-up levels or a comparison of mean changes from baseline). 21 Since echocardiographic measures were only recorded at the final visit, comparisons between allocated treatment groups were conducted using analysis of variance with missing data imputed using multiple imputation within allocated groups using Rubin's rules. 22 Analyses were conducted according to the intention-to-treat principle and all P values were 2-sided and considered statistically significant at the 5% level (but allowance for multiple testing was made in the interpretation of results). Analyses were conducted independently of the sources of support using SAS version 9.3 and R version 2.11.1.
Results

Baseline Characteristics
From September 24, 2012, 305 participants were randomly allocated over a 6-month period to take either 4000 IU D (n=102) or 2000 IU D (n=102), or placebo (n=101) daily for 12 months (Figure 1 ). Baseline characteristics by allocated treatment are shown in Table 1 . Arteriograph measures were missing for 16% of participants at baseline and 6 months, and 14% of participants at 12 months. Pulse trace measures were missing for 13% of participants at baseline, 16% at 6 months, and 22% at 12 months. Systolic blood pressure at randomization was strongly correlated with aortic augmentation index (r=0.41), but more weakly correlated with pulse wave velocity (r=0.24), stiffness index (r=0.19), and reflection index (r=0.17) ( Table 2 ). There was no correlation of either the stiffness or the reflection index measured by the PulseTrace with the pulse wave velocity measured by the Arteriograph (r=0.01 and À0.08, respectively). None of these baseline vascular measures correlated even moderately with plasma concentrations of 25(OH)D. The self-correlation of values recorded within individuals at 0 and 12 months in the placebo-allocated group was 0.74 for systolic blood pressure, 0.69 for diastolic blood pressure, 0.68 for heart rate, 0.72 for pulse wave velocity, and 0.65 for augmentation index, but only 0.50 for stiffness index and 0.45 for reflection index. By contrast, the self-correlation for plasma 25(OH)D concentrations over 12 months in the placebo group was 0.90.
Effects on Plasma 25(OH)D Concentrations
Compliance across the 3 treatment arms was comparable. Among those allocated to 4000 IU, 2000 IU, or placebo, 93%, 93%, and 87%, respectively, reported taking their capsules on all or most days at 6 months, while 90%, 92%, and 85% reported doing so at the 12-month visit. Mean (SE) Table 3 shows mean (SE) levels of blood pressure and arterial stiffness at 6 and 12 months adjusted for baseline levels. When compared with placebo, neither dose of vitamin D (or both doses combined: data not shown) had any significant effect on systolic or diastolic blood pressure, heart rate, aortic augmentation index, stiffness index, or reflection index at either time point. Allocation to vitamin D 4000 IU/d was associated with marginally higher pulse wave velocity at 12 months compared with placebo (10.1 versus 9.6 m/s, P=0.009 before accounting for multiple testing).
Effects on Blood Pressure and Arterial Stiffness
Effects on Echocardiographic Measures of Cardiac Function and on Brain Natriuretic Peptide
Of the 177 participants selected for echocardiographic measures, 44 (15% among those allocated vitamin D and 14% among those allocated placebo) did not attend the appointment for the following reasons: an inability to schedule a visit within 2 weeks of the final visit (n=39), they had died or moved away (n=3), or missed their appointment (n=2). Among those who did attend, levels of ejection fraction were strongly positively correlated with fractional shortening (r=0.72) and inversely correlated with LV internal dimension (r=À0.32) and LA volume (r=À0.28) ( Table 4) . None of the echocardiographic measures were strongly correlated with plasma concentration of 25(OH)D or NT-proBNP (Table 4) . Allocation to either dose of vitamin D compared with placebo had no significant effect on any measure of either systolic or diastolic function at 12 months (Table 5) . Likewise, allocation to either dose of vitamin D had no significant Table 5 ). Even in post-hoc analyses among the subgroup with an ejection fraction of <50%, there was no suggestion of any beneficial effect of vitamin D supplementation (data not shown).
Sensitivity Analyses
For all outcomes, results of all treatment comparisons were not materially altered when restricted to participants with no missing data (ie, complete case analyses: data not shown).
Discussion
Despite allocation to vitamin D achieving and maintaining plasma 25(OH)D concentrations more than 2-fold greater than those allocated to placebo for 1 year, supplementation with high-dose vitamin D did not have any significant effect on systolic or diastolic blood pressure or on measures of central or peripheral arterial stiffness. Similarly, vitamin D had no effect on any echocardiographic measures of systolic or diastolic cardiac function or on biochemical markers of cardiac function. Values shown are mean (SE). Missing data were imputed using multiple imputation. Analyses of echocardiography (including missing data imputation) were limited to the subset of 177 participants (117 on either dose of vitamin D and 60 on placebo) who were randomly selected to have an echocardiogram at 12 mo and did not have artificial valves (2 patients) or severe aortic stenosis (1 patient) at the time of examination. E/E I indicates ratio of early peak inflow velocity to early diastolic peak lateral mitral annular velocity; LV, left ventricular; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; SBP, systolic blood pressure. *Adjusted for heart rate and SBP at the time of examination.
While these results for the effects of vitamin D on blood pressure and arterial stiffness are consistent with the evidence from previous meta-analysis of randomized trials evaluating effects of vitamin D on blood pressure 23 26 the absence of effects of high-dose vitamin D on blood pressure and arterial stiffness observed in this report does not support supplementation with vitamin D for CVD prevention being mediated through any of these mechanisms. Nevertheless, this study cannot exclude benefits for CVD prevention beyond 1 year of treatment, or those mediated through other mechanisms. The absence of effects of vitamin D on cardiac function, including assessments of strain imaging, may also reflect the relatively healthy participant cohort and their stable cardiac function as the mean blood pressure and LV ejection fraction were within the expected normal range for this age group. The mean plasma 25(OH)D concentrations in this population were also similar to those of healthy adults living in the United Kingdom. 2 However, despite the lack of demonstrable effect in this study, the effects of vitamin D supplementation in those with lower mean plasma 25(OH)D concentrations or pre-existing heart failure cannot be entirely excluded. Over 95% of the participants reported having European ancestry and, hence, the study was unable to assess any differential effects of vitamin D in other ethnic groups. Published reports of completed large trials assessing the effects of vitamin D on incident cardiovascular events are difficult to interpret given the relatively modest doses of vitamin D (400-800 IU daily) assessed. 27, 28 However, ongoing large trials, involving over 56 000 participants, are currently assessing the effects of much higher doses of vitamin D on CVD and other disease outcomes. [29] [30] [31] 32 Given the lack of any beneficial effects on CVD outcomes in several randomized-controlled trials conducted to date, and additional uncertainty about the relevance of vitamin D for incidence of diabetes mellitus, 33, 34 the results of ongoing and future trials of vitamin D supplementation are required to address the effects of vitamin D on incident CVD outcomes, in addition to effects on fracture and other disease outcomes, before advocating use of vitamin D supplements for prevention of CVD. 35 
